Background: Few studies have investigated metabolic complications in HIV-infected African children and their relation with inflammation. Methods: We compared baseline and changes in insulin resistance [homeostatic model assessment of insulin resistance (HOMA-IR)] and in markers of inflammation over 48 weeks, in a subset of antiretroviral therapy (ART)-naive Ugandan children from the Children with HIV in Africa-Pharmacokinetics and Adherence/Acceptability of Simple Antiretroviral Regimens trial randomized to zidovudine-, stavudine-or abacavir (ABC)-based regimen. Nonparametric methods were used to explore between-group and within-group differences, and multivariable analysis to assess associations of HOMA-IR. Results: One-hundred eighteen children were enrolled, and median age (interquartile range) was 2.8 years (1.7-4.3). Baseline median HOMA-IR (interquartile range) was 0.49 (0.38-1.07) and similar between the arms. At week 48, median relative changes in HOMA-IR were 14% (−29% to 97%) in the zidovudine arm, −1% (−30% to 69%) in the stavudine arm and 6% (−34% to 124%) in the ABC arm (P ≤ 0.03 for all the arms compared with baseline, but P = 0.90 for between-group differences). Several inflammation markers significantly decreased in all study arms; soluble CD14 increased on ABC and did not change in the other 2 arms. In multivariate analysis, only changes in soluble CD163 were positively associated with HOMA-IR changes.
was processed, and plasma stored for batched measurement of HIV-RNA levels. A Material Transfer Agreement, approval from the Uganda National Council of Science and Technology as well as a permit from the Center for Disease Control were approved. The remainder of the frozen, never previously thawed plasma from the ART-naive children, was then shipped to Case Medical Center, Cleveland, OH. The plasma samples were used for measurement of glucose, insulin, soluble and cellular markers of monocyte immune activation and markers of systemic inflammation and coagulation. Measurements were performed by the Dahms Research Clinical Unit, which is part of the Case Clinical and Translational Science Collaborative of Cleveland, OH. Insulin was measured by enzymelinked immunosorbent assay sandwich immunoassay (ALPCO, Salem, NH), and the derived homeostatic model assessment of insulin resistance (HOMA-IR) was calculated as described, 34 where insulin resistance is defined categorically as levels of HOMA-IR greater than 3.16.
34,35

Inflammation, Coagulation and Soluble Immune Activation Markers
Plasma markers of monocyte activation [soluble CD14 (sCD14) and soluble CD163 (sCD163)], systemic inflammation [soluble tumor necrosis factor alpha receptor 1 and 2 (sTNFR1 and 2)], oxidized low-density lipoproteins (LDLs) and fibrinogen were measured. All markers were measured by enzyme-linked immunosorbent assay (R & D Systems, Minneapolis, MN and ALPCO, Salem, NH).
Statistical Analysis
The primary objectives of this analysis were to determine the changes in HOMA-IR and markers of inflammation 48 weeks after initiating the randomized treatments and to compare the changes between the groups. Secondary objectives were to determine the association between HOMA-IR and markers of systemic inflammation at baseline with clinically relevant factors and to explore the predictors of change in HOMA-IR and in markers of inflammation.
Weight-and height-for-age Z scores were obtained from World Health Organization growth chart standards. Baseline demographics, HIV-related factors, metabolic risk factors and HOMA-IR were described overall and by randomization group using median and interquartile range (IQR) for continuous variables and frequency and percent for categorical variables. Absolute and relative changes from baseline to week 48 were determined. To highlight the magnitude of the observed difference in HOMA-IR after ART initiation, baseline variables and absolute and relative changes were compared in the 3 groups by the Kruskal-Wallis test for continuous variables and by the χ 2 test or Fisher exact test, as appropriate for categorical variables. Within-group changes were tested using the Wilcoxon matched-pairs signed-ranks test, and Spearman correlations were used to assess associations with HOMA-IR.
Multivariable linear regression was used to model the relative changes in HOMA-IR over 48 weeks, with variables with P < 0.1 in the correlation analysis and variables known to affect insulin resistance including age, sex, body mass index (BMI) and family history of diabetes being candidates for inclusion in the model. Mathematical transformations were used to achieve normality of distribution, as needed. The variance inflation factor statistic was used to gauge possible collinearity. Possible departures from normality of residuals and homoscedasticity were evaluated using graphical methods. All analyses were initially performed including all participants and all available data. The results of the analyses that included all participants did not differ from the results of the sensitivity analyses that included only participants with undetectable viral load at week 48; therefore, only the former data are presented.
Analyses were performed with SAS9.4 (SAS Institute, Cary, NC).
RESULTS
Baseline Characteristics
Overall, 118 of 119 ART-naive CHAPAS-3 participants at JCRC, Kampala, had stored plasma samples available for HOMA-IR and inflammatory marker measurements and were included in the present analysis. Demographic information and baseline characteristics of the 118 participants are displayed in Table 1 , except for viral load, which was higher in the D4T arm compared with the ABC arm, and all other indices were similar between the groups (P > 0.05). Median age (IQR) was 2.8 (1.5, 4.3) years, and 49% were male. Median weight-for-age Z score was −2 (−3.4, −0.5), and median HOMA-IR was 0. 49 
Changes in HOMA-IR After ART Initiation
The relative changes from baseline to week 48 in HOMA-IR are shown in Figure 1 . The relative changes in HOMA-IR did not differ between the arms, and were a median (IQR) of 14% (−29%, 97%) in the AZT arm (P = 0.03), −1% (−30%, 69%) in the D4T arm (P = 0.02) and 6% (−34%, 124%) in the ABC arm (P = 0.02). Four additional participants had HOMA-IR values ≥3.16 compared with baseline, with no differences between the arms. Within-group percentage changes in HOMA-IR were different from the absolute changes ( Table 2 ). The absolute changes in HOMA-IR were not significant in any of the arms.
Changes in Inflammatory Biomarkers After ART Initiation
sTNFR1 and 2 and sCD163 decreased significantly (P < 0.05 compared with baseline) within each of the 3 groups. sTNFR1 decreased by a median (IQR) of 18% (9%, 27%) in the AZT arm (P < 0.001), 19% (4%, 32%) in the D4T arm (P = 0.05) and 18% (3%, 30%) in the ABC arm (P < 0.001); sTNFR2 decreased by 39% (32%, 53%) in the AZT arm (P < 0.0001), 32% (30%, 56%) in the D4T arm (P < 0.0001) and 41% (23%, 58%) in the ABC arm (P < 0.0001) and sCD163 decreased by 31% (23%, 47%) in the AZT arm (P < 0.0001), 27% (2%, 40%) in the D4T arm (P < 0.0001) and 20% (7%, 45%) in the ABC arm (P = 0.02). The changes were not significantly different between the groups (P ≥ 0.09). sCD14 did not change in the AZT or D4T arm, with median changes of 5% (−12%, 19%) in the AZT arm (P = 0.14) and median decrease of 0.4% (14%, 19%) in the D4T arm (P = 0.12). sCD14 increased significantly in the ABC arm by a median of 16% (−0.09%, 33%; P = 0.0003). There was no difference in sCD14 between the AZT and D4T arms (P = 0.72); however, the changes in sCD14 were significantly different between AZT, D4T and ABC arms (P < 0.05). Oxidized LDL and fibrinogen did not change significantly within any of the groups and did not differ between the groups (P ≥ 0.2). Within-group percentage changes in levels of the inflammatory biomarkers were similar to the absolute changes ( Fig. 1 and Table 2 ). of 0.7 (IQR: 0.02-1.72, P < 0.01 for all arms) and absolute changes of height-for-age Z score of 0.4 (IQR: −0.03 to 0.94, P < 0.01 for all arms). The absolute median change in BMI significantly increased in the AZT arm (P = 0.02), but not in the D4T or ABC arm (P ≥ 0.44). Total cholesterol, high-density lipoprotein (HDL) and LDL increased within each of the arms (P ≤ 0.03).
After 48 weeks of ART, 66% of patients had undetectable viral load in the AZT arm, 57% in the D4T arm and 63% in the ABC arm; percent CD4 increased significantly in all arms with absolute median increase of 14% (IQR: 8.5-19.5, P < 0.01) for all arms. Insulin did not change at week 48 in any of the arms (P > 0.05). Except for median glucose that increased significantly only in the AZT arm [62 mg/dL (IQR: 50-72) at baseline and 69 mg/dL (IQR: 58-80); P = 0.03 at week 48], there were no significant changes between the arms for any of the other clinically relevant factors.
Baseline Associations With HOMA-IR and Inflammatory Markers
At baseline (pre-ART), the only inflammatory marker associated with HOMA-IR was oxidized LDL (α = −0.20, P = 0.04). Oxidized LDL was also negatively associated with weight and positively associated with CD4 count. sTNFR1 and 2 and sCD14 were negatively associated with weight, age, weight-for-age Z score and total and LDL cholesterol. sTNFR1 and 2 were positively associated with absolute CD4 count and viral load, whereas sCD14 was only negatively associated with percent CD4 (Table 3) .
Associations Between Changes in HOMA-IR and Changes in Biomarkers
Changes in sCD163 levels were positively associated with changes in HOMA-IR (Table 4) . After adjusting for parameters known to affect insulin resistance including age, sex, BMI and family history of diabetes, only changes in sCD163 remained independently associated with changes in HOMA-IR (β coefficient = 0.635, P = 0.03).
After 48 weeks of ART, changes in percent CD4 count, in weight and in LDL cholesterol were negatively associated with changes in sTNFR1 and 2 and in sCD14 (P < 0.05). After adjusting for age, sex and LDL, increase in weight remained independently associated with reductions in sTNFR1 and 2 (β coefficient = −0.62, P < 0.01 and β coefficient = −0.42, P = 0.05, respectively). Weight also remained independently associated with sCD14 after adjusting for age, sex, viral load and CD4 (β coefficient = −0.63, P = 0.02). All variance inflation factors were <2.0.
DISCUSSION
We investigated the effects of 48 weeks of ART in treatment-naive Ugandan children on insulin resistance and markers of inflammation. Data are lacking on the effects of ART on metabolic and inflammatory parameters in African children where the bulk of HIV-infected children reside. We found that in the setting of an non-nucleoside reserve transcriptase inhibitor (NNRTI)-based regimen, AZT and ABC increased HOMA-IR and that HOMA-IR is associated with the marker of monocyte activation sCD163.
Insulin resistance is a state in which insulin is associated with an abnormal glucose response and correlates with sequelae such as the development of diabetes, 13 cardiovascular disease and malignancies. Although there are no reference values for HOMA-IR in healthy Ugandan children, the baseline HOMA-IR values in our population of underweight HIV-positive Ugandan children were similar to those reported in normal-weight HIV-negative European children of similar age 36 and below 3.16, which has been defined as the cut off for defining insulin resistance in children. 35 The clinical significance of the increase seen in HOMA-IR in the AZT and ABC arms after only 48 weeks is unclear. In addition, it is unknown whether this increase in insulin resistance would translate to important long-term consequences in this prepubertal cohort. Other studies have also demonstrated increased insulin resistance in HIV-infected children. 9, 11, 37 In the study by Chantry et al, 11 participants were either initiating or switching ART regimen. In this particular study, 25% of their patients were 3 years of age and under, and the baseline HOMA-IR value was 0.8, which is similar to our study; however, the change seen after 48 weeks was between 0.2 and 0.8, comparatively larger than the absolute change in our study of −0.01 and 0.04. However, unlike the participants in our study, these children were on protease inhibitor-based therapy, which has been linked to insulin resistance in HIV-infected adults 38 and children. 39 Median HOMA-IR values reported by Innes et al 9 in a cross-sectional study of HIV-infected children in South Africa were also 0.8, but not different between children on lopinavir-and efavirenz-based regimens. A novel finding is the relationship between HOMA-IR and the marker of monocyte activation sCD163 in HIV-infected children. sCD163 has been associated with HOMA-IR in healthy adults and obese children, 22, 40, 41 but to our knowledge no similar correlation has been reported in HIV-infected subjects. sCD163 in HIV-infected adults has been linked with other prevalent and clinically significant comorbidities in HIV infection including noncalcified plaque 42 and neurocognitive impairment. 43 Unlike what we have found in our previous study in HIV-infected adults, sTNFα receptors were not significantly correlated with insulin resistance. 4 We may not have been able to detect an association secondary to the small sample size of our study. Another hypothesis that has been proposed by Zanni et al 22 is that sTNFα, because of its short half-life, may not reflect the inflammation in adipose tissues, unlike CD163 expressing macrophages, which can gain access to fat cells. Microbial translocation and lipopolysaccharides may play a role in the correlation seen between sCD163 and insulin resistance. Microbial translocation has been well documented in HIV-infected adults 26, 44 and more recently in ART-naive children in resource-limited settings. 45 Markers of microbial translocation have been closely associated with several cardiovascular risk factors including insulin resistance, 46, 47 and they are potent stimulants for release of sCD163 from adipose tissue. 48 We found that after controlling for known demographic characteristics, the relationship between sCD163 and HOMA-IR remained statistically significant. These findings suggest that insulin resistance in HIV-infected children may be mediated by immune activation, particularly monocyte activation.
Several markers of inflammation (sTNFR1 and 2 and sCD163) decreased significantly after 48 weeks of ART; however, sCD14 did not decrease, and it even increased in the ABC arm despite virologic suppression. In addition, oxidized LDL did not significantly change after 48 weeks of ART. Oxidized LDL is a marker of oxidative stress; in uninfected adults, it has been associated with obesity, 27 insulin resistance 28 and cardiovascular disease, 29 and in HIV, it has been associated with markers of immune activation. 30 The lack of change seen in oxidized LDL after 48 weeks of ART may be linked to the lack of change seen in sCD14 as our group has previously shown that plasma levels of oxidized LDL and sCD14 in HIV-infected patients are closely related, and oxidized LDL may play a role in monocyte activation. 49 sCD14 contributes to the long-term complications seen in HIV and has been linked to subclinical atherosclerosis 25, 50 and overall mortality in HIV. 24 One possible explanation is that Ugandan children are exposed to different pathogens that could impact their intestinal microbiome. In addition, NNRTI-based regimens may not fully suppress viral replication in the gastrointestinal tract to control bacterial translocation. However, similar findings were seen in HIV-infected youth from the United States who were initiated on a protease inhibitor-based regimen with tenofovir and lamivudine. 51 In this study, higher levels of sCD14 compared with baseline levels persisted despite 48 weeks of ART and viral suppression. Our group has previously reported on ART-naive adults randomized to different ART regimens and found that sCD14 decreased only in the integrase inhibitor arms, but not in protease inhibitor or NNRTI-based regimens. 50, 52, 53 One of the mechanisms hypothesized is a higher concentration of integrase inhibitor in the enterocytes leading to better control over bacterial translocation. 52 These data suggest HIV-infected Ugandan children even at a young age have increased immune activation and possibly bacterial translocation as measured by sCD14 that do not improve with early viral suppression with NNRTI-based regimens.
From a metabolic standpoint, we found that cholesterol, HDL and LDL increased in all arms. Unlike what was seen in ART-naive Ugandan children of similar age enrolled in the ARROW trial, total and HDL cholesterol were not lower in the AZT arm compared with the other 2 arms. 54 After adjusting for parameters known to affect inflammatory markers, an increase in weight remained associated with reductions in sTNFR1 and 2 and sCD14. This is consistent with data recently presented in HIV-infected adults from the Prospective Evaluation of Antiretrovirals in Resource-Limited Settings trial that found that among HIV-infected persons initiating ART in resourcediverse settings, weight gain among underweight persons had a trend toward lower levels of TNFα and sCD14, whereas weight gain among obese persons was found to heighten inflammation/immune activation. 55 Our findings suggest that weight gain after ART initiation among HIV-infected children in resource-limited settings, may reduce systemic inflammation and immune activation. Another possibility is that inflammation is reduced because of better virologic control, and the weight increase is a reflection of return to health. Strengths of our study include randomized treatment allocation and evaluation of metabolic and inflammatory parameters in a young Ugandan cohort before and after ART initiation. We did not have a comparison group of HIV-uninfected children to compare the natural changes seen in insulin resistance in Ugandan children. In addition, we cannot prove causal relationships or exclude the possibility of residual confounding. We focused on a specific population of young HIV-infected Ugandan children who were underweight at baseline; therefore, our findings may not be applicable to other HIV-infected populations.
